About 12% of human genetic disorders involve premature termination codons (PTCs). Aminoglycoside antibiotics have been proposed for restoring full-length proteins by readthrough of PTC. To assess the efficiency of readthrough, we selected homozygous and compound heterozygous skin fibroblasts from xeroderma pigmentosum (XP) patients with different PTCs in the XPC DNA repair gene. XP patients have a nucleotide excision repair defect and a 10,000-fold increased risk of UV-induced skin cancer. In six of eight PTC-containing XP-C cells, treatment with Geneticin and gentamicin resulted in (i) stabilized XPC-mRNA, which would have been degraded by nonsense-mediated decay; (ii) increased expression of XPC protein that localized to UV-damaged sites; (iii) recruitment of XPB and XPD proteins to UV DNA damage sites; and (iv) increased repair of 6-4 photoproducts and cyclobutane pyrimidine dimers. Expression of PTC in a transfected vector revealed that readthrough depends on the PTC sequence and its location within the gene. This sensitive DNA repair assay system demonstrates the complexity of response to PTC readthrough inducers. The efficiency of aminoglycoside-mediated readthrough depends on the type and copy number of PTC, the downstream 4+ nucleotide, and the location within the exon. Treatment with small-molecule nonaminoglycoside compounds (PTC124, BZ16, or RTC14) resulted in similarly increased XPC mRNA expression and photoproduct removal with less toxicity than with the aminoglycosides. Characterizing PTC structure and parameters governing effective PTC readthrough may provide a unique prophylactic therapy for skin cancer prevention in XP-C patients.
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readthrough compounds | UV radiation T he rare autosomal recessive disorder xeroderma pigmentosum (XP) has a more than 10,000-fold increased skin cancer risk caused by a defective nucleotide excision repair (NER) of UV radiation-induced cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs) (1) . Cells from XP patients fall into seven complementation groups (XP-A through XP-G) and a variant form with a mutation in polymerase eta, resulting in defective translesion bypass (2) . XP has a frequency of about one per million in the United States and Europe (1, 3) . Following lesion recognition by DDB2 (XPE), the XPC protein-in association with Rad23B and centrin-2-senses DNA damage and recruits other NER proteins (4) . XP-C cells show proficient transcription-coupled (TC)-NER but defective global genome repair (GGR) of damaged DNA, whereas cells from XP complementation groups A, B, D, F, and G are defective in both pathways (2) . Premature termination codons (PTCs) have been identified in 24 (15%) of 159 XP-C patients (5-13) (Table S1) . A PTC can reduce the level of mRNA and protein via nonsensemediated mRNA decay (NMD), a mechanism that detects and degrades PTC-bearing transcripts. NMD prevents the expression of truncated proteins that might be nonfunctional or deleterious due to dominant-negative or gain-of-function (14) .
About 12% of genetic disorders are caused by nonsense mutations that result in a primary PTC (15, 16) . Secondary PTC would not be amenable to readthrough abrogation. Compounds that induce readthrough of PTC and induction of functional protein (15, 17, 18) bind to ribosomal RNA of the small ribosomal subunit, leading to conformational changes that reduce codon-anticodon pairing, thus increasing error-prone translation (19) . In vitro studies and mouse models have demonstrated that certain aminoglycosides can read through PTCs and restore the expression and function of missing proteins in different genetic diseases with PTCs (17, 18, 20) . Clinical trials using aminoglycosides in cystic fibrosis (CF) and Duchenne muscular dystrophy patients have demonstrated readthrough in vivo and partial correction of protein function (21) . However, systemic aminoglycoside administration may be associated with severe side effects such as kidney damage and hearing loss, thus impeding their clinical application (22) . Nonaminoglycoside compounds such as the synthetic oxadiazole derivative PTC124 may have less toxicity (23) . Du et al. developed a high throughput screening assay and identified four new groups of nonaminoglycoside small-molecule readthrough compounds that induced readthrough of the ATM gene, leading to increased expression of functional ATM protein (24, 25) .
Readthrough of XP PTC has not been previously reported. We developed a sensitive method for assessing efficiency of readthrough with a panel of four homozygous and four compound heterozygous skin fibroblasts from XP-C patients with all three types of PTC mutations (TGA, TAG, and TAA). We measured the level of the XPC protein, recruitment of NER proteins to sites of UV DNA damage, and the efficiency of repair of photoproducts. We tested aminoglycosides and small-molecular-weight nonaminoglycoside compounds with potential for blood-brain barrier penetration (25) .
Significance
About 12% of human genetic disorders involve premature stop codons (PTC) that may produce abnormal, short proteins. Some antibiotics and other compounds have been proposed to restore full-length proteins by reading through PTC. We studied skin cells from xeroderma pigmentosum (XP) patients with different PTC in a DNA repair gene. XP patients have a DNA repair defect and a 10,000-fold increased risk of sunlight-induced skin cancer. Using several readthrough compounds, we found increased levels of DNA repair protein, assembly of DNA repair proteins at the DNA damage site, and repair of UV damage in some XP cells. Even small amounts of increased DNA repair protein may provide potential therapy for XP patients and may reduce disease severity.
Results
Geneticin Induces Readthrough of XPC mRNA. Quantitative realtime PCR was performed to measure the levels of XPC mRNA in primary XP-C cells with or without aminoglycoside treatment. All untreated XP-C cells showed markedly reduced levels of XPC mRNA (mean 62 femtogram, fg), representing 15% of normal (400 fg, Fig. 1 ), as found in other XP-C cells (6) . To demonstrate that this reduced level is caused by NMD in the cells with PTC, we treated cells with cycloheximide, a known NMD inhibitor (26) and found a 4-to 14-fold increase in XPC mRNA (Fig. S1) . Incubation with Geneticin (also known as G418) for 3 d led to a significant increase in XPC mRNA to levels 20-70% of normal in two homozygous cell lines TGA-T 1,2 (194 fg) and TGA-A 1,2 (136 fg), and in the four compound heterozygous cell lines TGA-T 1 (257 fg), TGA-C 1 /TAA-G 2 (279 fg), TAA-A 1 (86 fg), and TGA-T 1 /TAG-A 2 (278 fg) (Fig. 1) . XPC mRNA was also increased after Geneticin treatment of lymphoblast cell lines, corresponding to the same fibroblast cell lines TGA-T 1 and TGA-T 1 /TAG-A 2 (Fig. S2) . In contrast to Geneticin, 3 d incubation with gentamicin did not significantly increase XPC mRNA in any of the eight XP-C cell lines tested (Fig. 1) .
Aminoglycosides Induce XPC Protein Expression and Localization at
Sites of UV-Induced DNA Damage. To determine whether the increased XPC mRNA is functional and translates into XPC protein, we performed immunoblot analysis. As in previous studies of cultured cells (6, 27) and intact skin (28), XPC protein was not detectable in cells from XP-C patients. Following Geneticin treatment for 4 d, XPC protein was detectable only in TGA-A 1,2 and TGA-T 1,2 cells ( Fig. 2A) . Insufficient sensitivity of immunoblotting for the detection of readthrough-induced protein has been reported previously (18) . We therefore irradiated cells with UV through a 5-μm polycarbonate isopore membrane to generate localized areas of DNA damage (29, 30) . Using fluorescent antibody labeling, 1 h after localized UV exposure, foci of XPC protein were visualized in 62-75% nuclei of untreated normal cells but were not detectable in untreated XP-C cells ( Fig. 2 B and C and Fig. S3A ). In contrast, in the homozygous cell lines TGA-A 1,2 and TGA-T 1,2 , about 24% and 22% of cells, respectively, were XPC protein positive after incubation with Geneticin and about 16% and 12%, respectively, after gentamicin treatment. The homozygous cell line TGA-G 1,2exon 9 showed only few XPC-positive cells after Geneticin (8%) and gentamicin treatment (4%). Similar low levels of positive cells with Geneticin were obtained in the compound heterozygote cell lines TGA-T 1 (5%), TGA-C 1 /TAA-G 2 (7%), and TGA-T 1 /TAG-A 2 (3%). We tested an additional XP-C patient cell line we recently received (XP495BE) that is a compound heterozygote with the same TAG-A 1 (Lys692X) PTC as the cell line XP54BE (Table S1 ). Like the XP54BE cells (Fig. 2C ), this cell line had no detectable XPC protein localization in the absence of treatment, and 6% of the cells were positive for XPC following 100 μg/mL Geneticin treatment. Of the compound heterozygote cell lines treated with gentamicin, TGA-T 1 , TGA-C 1 /TAA-G 2 , and TGA-T 1 /TAG-A 2 showed only a few XPC-positive cells (1%, 2%, and 3%, respectively). However, we found that XPC protein persisted 24 h and 48 h after UV irradiation in gentamicin-treated TGA-T 1,2 and TGA-A 1,2 cells in contrast to wild-type cells (Fig.  S4 ). These results are consistent with a lower frequency but prolonged repair of UV-induced DNA damage in untreated XP-C cells compared with normal cells (31) and with experiments of Lai et al. (18) using PTC-carrying ataxia-telangiectasia cells. Quantification of XPC protein detected via immunofluorescence at sites of UV damage 1 h after UV exposure. One hundred nuclei were scored. Bars indicate mean ± SD of the percent positive cells for XPC. *P < 0.05, **P < 0.005, ***P < 0.0005. (D) Cells were incubated with Geneticin for 3 d, and an immunofluorescence assay 1 h after local UV irradiation was performed. Geneticin induced post-UV XPB or XPD protein recruitment in TGA-T 1,2 (yellow arrows) but not in TGA-G 1,2exon 6 . (E) Quantification of XPB and XPD proteins detected via immunfluorescence at sites of UV damage 1 h after UV exposure. Bars indicate mean ± SD of the percent positive cells for XPB and XPD, and 100 nuclei were scored. *P < 0.05, **P < 0.005, ***P < 0.0005.
Geneticin Readthrough Induces Functional XPC Protein and DNA Damage Removal. Because XPC has a central role in DNA damage recognition and recruitment of other NER factors, we investigated if Geneticin treatment recruits XPB and XPD helicases to sites of DNA damage. In untreated XP-C cells, there was no localization of these helicases (32), whereas after Geneticin treatment, XPB protein was significantly recruited to nuclear foci in six of eight cell lines (Fig. 2 D and E and Fig. S3B ). The proportion of XPD-positive cells was significant only in TGA-T 1,2 , TGA-A 1,2 , and TGA-T 1 /TAG-A 2 . Our results demonstrate that the Geneticin-induced XPC protein is functional because it recruits XPB and XPD helicases to sites of DNA damage.
To investigate whether XPC, XPB, and XPD proteins are able to repair localized UV-induced DNA damage, we analyzed the removal of 6-4 pyrimidine pyrimidone photoproducts (6-4PPs) and CPDs. At 24 h after UV exposure, normal cells had no detectible 6-4PPs, whereas UV-exposed XP-C cells showed a high proportion of 6-4PPs, indicating little to no repair ( Fig.  3A and Fig. S5A ). Incubation with Geneticin or gentamicin ( Fig.  3 B and C) resulted in fewer 6-4PP-positive nuclei in those XP-C cell lines that were positive for XPC, XPB, and XPD proteins, indicating a repair of these photoproducts. Counting the nuclei containing one or more 6-4PP immediately (0 h), and 1, 3, 6, and 24 h after local UV irradiation, revealed that among all cell lines TGA-T 1,2 showed the highest repair rate of 6-4PPs when treated with Geneticin (70% 6-4PP removal at 24 h, P < 0.001). Furthermore, TGA-T 1,2 cells showed a significantly higher repair rate than TGA-A 1,2 cells (50% at 24 h, P = 0.001). Both cell lines also exhibited the highest proportion of XPC-, XPB-, and XPDpositive cells (Fig. 2E) . The repair rate in Geneticin-treated compound heterozygous cells that were positive for XPC, XPB, or XPD was less compared with homozygous cells, which was in accordance with the fewer positive cells for XPC, XPB, and XPD proteins (Fig. 2E) . TGA-T 1 had the most pronounced 6-4PP removal rate (43% after 24 h, P = 0.04) among the compound heterozygous cells. Interestingly, this cell line (XP24BE) shares the same PTC at the same position in exon 4 (p.Arg155X) and the identical downstream nucleotide (T) with the homozygous cell line TGA-T 1,2 (XP62DC), which showed the highest repair rate of 6-4PPs among the homozygous cell lines. This same p.Arg155X mutation is also present in the compound heterozygous cell line, XP54BE (Table S1) , which showed lower 6-4PP repair. Geneticin induced a significantly greater removal of 6-4PPs compared with gentamicin in TGA-T 1,2 (70% vs. 23% repair, P < 0.001) and TGA-A 1,2 (50% vs. 24% repair, P < 0.001), whereas in TGA-G 1,2exon 9 , gentamicin was more effective (31% vs. 19% repair, P = 0.017).
The ratio of UV-induced CPDs to 6-4PPs is 3:1 and the 6-4PP create a larger DNA distortion and they are usually repaired faster than CPDs (33) . After 48 h, although 47-50% of normal cells and 100% of untreated XP-C cells are CPD positive (Fig.  3D and Fig. S5B ), Geneticin and gentamicin treatment ( Fig. 3 E and F) induced repair of CPD only in the homozygous cell lines TGA-T 1,2 (73% and 75% CPD-positive cells, respectively) and TGA-A 1,2 (69% and 59% CPD-positive cells, respectively). Of interest, repair of CPD in TGA-C 1 /TAA-G 2 cells was detected after gentamicin (72% CPD-positive cells) but not Geneticin treatment. These data suggest that aminoglycosides are less effective in the removal of CPDs than in removal of 6-4PPs, and this difference is more pronounced in the compound heterozygous XP-C cell lines.
To measure repair of uniform damage in the entire cell culture, using an ELISA we analyzed the removal of 6-4PP from DNA of cultures irradiated directly without polycarbonate isopore filter. At 6 h after UV exposure, normal cells had about 17% of the 6-4PPs remaining, whereas two different XP-C cell lines (TGA-T 1,2 and TGA-T 1 /TAG-A 2 ) had 38-45% 6-4PPs remaining, which is consistent with their DNA repair defect. Treatment with 100 μg/mL Geneticin significantly reduced the amount of 6-4PPs remaining to 13% in both XP-C cell lines (Fig.  S6) . Thus, both the localized UV treatment method (Fig. 3B) and the diffuse UV treatment demonstrated increased removal of 6-4PPs following Geneticin treatment.
Geneticin Readthrough of pTGA-G but Not of pTAA-A. The XP-C cell lines with TGA-G 1,2exon 6 and TAA-A 2 PTC showed no readthrough response (Figs. 2 and 3) . To determine whether the location or context of the PTC within the gene was important for readthrough, we created these same TGA-G and TAA-A PTC in luciferase expression vectors using site-directed mutagenesis and transfected them into normal cells and into the XP-C cells TGA-G 1,2exon 6 , TGA-G 1,2exon 9 , and TAA-A 2 . Compared with wildtype vector, we found less than 1% luciferase activity of the PTCcontaining vectors after transfection into normal or XP-C cells, indicating the strong termination efficiency of these PTCs (Fig.  4) . Geneticin treatment resulted in two-to sevenfold increase of luciferase activity of TGA-G mutated vector in normal cells and in XP-C cells with TGA-G 1,2exon 6 , TGA-G 1,2exon 9 , or TAA-A 2 PTC. Given that TGA-G 1,2exon 6 showed no readthrough response in the other assays compared with TGA-G 1,2exon 9 , these results suggest that the readthrough efficiency of TGA-G depends on the specific location in XPC. In contrast, none of the transfected cells showed readthrough of the TAA-A mutated vector with Geneticin treatment, indicating that this sequence does not respond to treatment with this aminoglycoside. This finding is consistent with previous reports concerning poor efficiency of TAA readthrough (17, 34). Nonaminoglycoside Readthrough of TGA-A 1,2 . Because both aminoglycosides showed a high readthrough in the homozygous cell line TGA-A 1,2 (Figs. 2 and 3), we tested the nonaminoglycoside compounds PTC124, BZ16 (a derivative of RTC13), and RTC14 in this cell line. We found that their effective doses were less toxic compared with Geneticin and gentamicin (Fig. 5A) . XPC mRNA was significantly increased after treatment with PTC124 (65 fg), BZ16 (72 fg), and RTC14 (111 fg) compared with untreated cells (43 fg; Fig. 5B ). Furthermore, all three compounds induced XPC protein localization following localized UV damage, but in a lower proportion compared with Geneticin and gentamicin ( Fig. 5 C and D) . This is in accord with Du et al. (24) , showing RTC14 to be less effective than gentamicin and Geneticin in production of ATM protein. However, there was a significant increase in the repair of 6-4PPs and CPDs ( Fig. 5 E and F) with PTC124, BZ16, and RTC14, indicating that they stimulated functional NER to a similar extent as aminoglycosides.
Discussion
Previous studies of readthrough used in vitro assay systems that measured the response to isolated PTCs that were not located in cells from affected patients (15) . Our cell-based assay system uses skin cells from XP patients and is probably more likely to be representative of physiological effects in human skin. We used a panel of DNA-repair-deficient XP-C cells carrying a variety of homozygous and compound heterozygous PTCs in different exons of XPC. We used seven different assays to assess the various steps of the post-UV NER pathway (2) (Fig. 6 ) and found that the immunofluorescence assay was extremely sensitive for detecting the appearance of localized XPC protein at the single cell level (six of the eight cell lines were positive in up to 24% of the nuclei). XPC protein function was demonstrated by XPB protein recruitment to localized UV damage and removal of 6-4PPs in the same six cell lines. However, we do not know whether the correct amino acid was incorporated opposite the PTC. In prokaryotes, Nilsson and Rydén-Aulin (35) reported that glutamine was inserted at UAG or UAA PTC, whereas UGA miscoded to tryptophan. Aminoglycosides and nonaminoglycoside small-molecule readthrough compounds were able to read through different types of PTC of XPC. Six of eight XP-C cell lines tested responded to aminoglycoside treatment (Fig. 6 ). This response depends on the type, copy number, and gene location of the PTC, the downstream 4+ base, and the readthrough compound used (16) . Four of the XP-C cell lines had homozygous PTCs and two others were compound heterozygotes with two different PTCs. It appears that the efficiency of readthrough was in the order TGA > TAG > TAA (Fig. S7 ), in agreement with earlier studies in different species and assay systems (17, 21, 34) . In support of this conclusion, we found Geneticin induced readthrough of a TGA PTC in a luciferase vector, whereas readthrough of TAA was not detected, indicating that the critical factor for TAA readthrough is the codon sequence (Fig. 4) . As the two homozygous TGA-G 1,2 cells responded differently (Fig. S7) , the location of the PTC in the XPC gene seems to be crucial, as readthrough was detected in the vector (Fig. 4) . Stop codons that are located more than 50 nt upstream of an exon-exon junction are generally recognized as premature, resulting in NMD (14) . Among the XP-C cell lines tested, TGA-G 1,2exon 6 is the only cell line whose PTC is located 38 nt upstream of exon 7 and whose mRNA would escape NMD. However, we measured substantial NMD (Fig. S1) . Because Geneticin and gentamicin show no such readthrough with TGA-G 1,2exon 6 , other factors may affect its readthrough. We found a different readthrough response to Geneticin depending on the copy number of PTC present (Fig. 6 and Fig. S7 ): The homozygous cell line XP62DC (Arg155X) showed readthrough in all seven assays, XP54BE (Arg155X and Arg415X) had readthrough in five assays, and XP24BE (Arg155X) showed readthrough in four assays.
The efficiency of readthrough of PTC has been reported to be related to the downstream 3′ base (referred to as 4+ wobble). Relative luciferase activity at 48 h after transfection is expressed as percent activity of mutated plasmid in Geneticin-treated cells compared with untreated cells. Bars indicate mean ± SD of the relative luciferase activity of three different experiments each in triplicate. The expression levels of the wild-type plasmid varied between 300,000 and 700,000 relative light units. *P < 0.05, **P < 0.005, ***P < 0.0005. One hundred nuclei were scored for each bar. *P < 0.05, **P < 0.005, ***P < 0.0005. (E and F) Immunofluorescence assay for detection of 6-4PPs (E) and CPDs (F) 6 and 24 or 48 h after local UV irradiation. Bars indicate mean ± SD of the percent positive cells for 6-4PP and CPDs; 100 nuclei were scored.
Out of 12 different sequences (3 PTCs × 4 bases at next 3′ position), eight types of PTC have been identified in XP-C cells, and we tested seven of them (Table S1 and Fig. S7 ). Among the homozygous XP-C cells, those with TGA-A 1,2 and TGA-T 1,2 responded in all seven repair assays, whereas XP-C cells with TGA-G 1,2 responded in none (XP198BE) or four (XP67TMA) (Fig. 6 and Fig. S7 ). This supports the conclusion that readthrough of 3′ A or T is more efficient than that of G. However, that this hierarchy depends on the aminoglycoside, the gene, and the assay is shown in other studies
We found intriguing differences in photoproduct repair (Figs. 3 and 6 and Fig. S5 ). Although CPDs are about threefold more prevalent (36), 6-4PPs create greater DNA distortion and are repaired faster (33) . In GGR, the XPC-Human Homolog of RAD23B protein complex acts together with the XPA-Replication Protein A complex to sense CPDs and 6-4PPs. They may have different affinities for each type of UV damage and might need DDB2 for recruitment to CPD, whereas XPC efficiently recognizes 6-4PPs (4, 37) . Nevertheless, Emmert et al. (38) reported that a truncated XPC protein leads to repair of CPDs but not of 6-4PPs. Our data indicate that the ability to repair both types of DNA damage may depend on the amount of available XPC protein. The high XPC readthrough levels in TGA-T 1,2 and TGA-A 1,2 cells lead to repair of both 6-4PPs and CPDs, whereas the lesser amount of induced XPC protein in the XP-C compound heterozygous cells is sufficient to detect and repair 6-4PPs only. These findings suggest that the pathophysiology of the disease may play a role in readthrough efficacy.
Even low levels of XPC protein (3%) led to the recruitment of XPB (6%) and XPD (6%) in Geneticin-treated TGA-T 1 /TAG-A 2 cells. This finding is in agreement with a previous report showing that a reduced level of XPC protein is sufficient to induce localization of other NER factors (32) and to reduce the frequency of skin cancers in XP-C patients (39) . Strikingly, although TGA-T 1 showed low levels of XPC protein (5%), we could measure a high 6-4PP removal rate. It is possible that readthrough in different exons of XPC renders dissimilar XPC protein structures due to incorporation of amino acids other than the normal ones, which affect repair efficiency. As little as 1% of normal protein function after readthrough may be sufficient to restore a near-normal or clinically less severe phenotype (40) .
Our study serves as a "proof of principle" that readthrough of XPC PTC can be achieved with certain compounds despite their clinical toxicity. Topical application might be useful for the prevention of sunlight-induced skin cancers in XP-C patients and would eliminate much of the toxicity resulting from parenteral delivery (41) . Shiozuka et al. (42) demonstrated that topically applied 0.1% gentamicin cream to shaved mdx dystrophin mouse skin induces readthrough of UGA. Similarly, one patient with Hailey-Hailey disease with a PTC in the ATP2C1 gene responded better to topical 0.1% gentamicin than to a boric acid control (43) . The expressed XPC protein after treatment with less toxic small molecule nonaminoglycosides BZ16 and RTC14 might be as efficient in inducing DNA repair as aminoglycosideinduced XPC expression. Studies with CF patients showed that PTC124 effectively induced synthesis of full-length Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) protein and improved CFTR activity (44) . Du et al. (24) reported that RTC13 and RTC14 are as efficient in readthrough of the ATM gene as Geneticin and gentamicin. Thus, these nonaminoglycosides might be unique therapeutic candidates for XP-C patients. Because they are small molecules (25) they may pass through the blood brain barrier, enabling treatment of neurodegenerative forms of XP (1, 2) and other diseases such as ataxia-telangectasia and Hurler syndrome.
The XP-C cell assay system is a promising model for evaluating readthrough of PTC and for testing new drugs. The assay permits the ability to identify which XP-C patients are likely to respond to a specific agent, the hallmark of personalized, or precision, medicine. The selection of study patients and agents on the basis of their in vitro efficacy will facilitate demonstrating efficacy and minimizing toxicity in clinical trials.
Materials and Methods
Cells Lines, Culture Conditions, and Drug Treatment. Normal primary human skin fibroblasts (AG13154), from the Human Genetic Mutant Cell Repository, and XP-C fibroblasts containing PTC (Table S1 ) were cultured as described (30) . The aminoglycosides Geneticin (G418 sulfate) and gentamicin sulfate (Enzo Life Sciences) were dissolved in sterile deionized water (5 mg/mL stock) and diluted in media as indicated. To examine the cytotoxicity of drugs post-UV, cell survival (Fig. S8 ) using CellTiter96 Non-Radioactive Cell Proliferation Assay (Promega) was assessed. BZ16, RTC14, and PTC124 synthesized by Michael Jung at the University of California, Los Angeles were dissolved in DMSO (50 mM stock) and diluted in media as indicated.
Quantitative Real-Time PCR. Total RNA extracted from cells incubated for 3 d with compounds was used to quantitate the XPC mRNA as described (9) . For measurement of nonsense-mediated decay, cells were incubated for 5 h in 200 μg/mL Cycloheximide (Sigma), and XPC mRNA was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of the sense and antisense primers used for GAPDH amplification were 5′-TGCAC-CACCAACTGCTTAGC-3′ and 5′-GGCATGGACTGTGGTCATGAG-0.3′, respectively.
Immunoblotting. After 4 d of incubation with Geneticin or gentamicin, wholecell lysates were prepared as described in ref. 38 . Immunoblotting was performed using WesternBreeze Chemiluminescent Western Blot Immunodetection Kit (Invitrogen). The XPC antibody (Abcam) was used in a 1: 1,000 dilution; the β-actin antibody (Sigma) was used in a 1:5,000 dilution. The autoradiographic band intensity of XPC was measured with a laser densitometer and normalized to the intensity of the β-actin band using Image J.
Local UV Irradiation and Immunofluorescence. Cells were grown on microscope cover glass (Fisher Scientific) and incubated for 3 d in media containing Fig. 6 . Summary of assays and XP-C PTC readthrough results. Summary of XP-C cell lines tested (top row), the type of PTC mutation in the XPC gene, the assays used to assess various steps of the post-UV NER pathway (first column: IF, immunofluorescence; WB, Western blot), the response to Geneticin and gentamicin in each assay, and summary assay sensitivity of the eight PTC cell lines for Geneticin (last column). The efficiency of correction with Geneticin for all seven assays (bottom row) is indicated by ++++ positive in seven assays, +++ positive in five assays, ++ positive in four assays, + positive in one assay, and -none. , Geneticin response; , gentamicin response; x, no response to Geneticin; O, no response to gentamicin.
compounds. Cells were covered with a polycarbonate isopore membrane (pore size, 5 μm; diameter, 25 mm; Millipore). Local UV irradiation (254 nm, 100 J/m 2 ) was performed as described (29) . Following UV irradiation, cells were incubated in media with or without compounds for different times (0, 1, 3, 6, 24, and 48 h). Immunofluorescent labeling and imaging was performed as described (30) with the following changes: cells were incubated with antibodies against XPB, XPC, and XPD (Santa Cruz) overnight, and for the detection of CPD and 6-4PP cellular DNA was denatured for 20 min using 2N HCl before blocking and overnight incubation with TDM-2 and 64M-2 mouse monoclonal antibodies (Cosmo Bio).
ELISA. Cells were incubated for 3 d in media containing 100 μg/mL Geneticin. Cells were irradiated with 10 J/m 2 UVC and incubated in media with or without Geneticin for 0 h and 6 h. ELISA was performed using the OxiSelect UV-Incuded DNA Damage ELISA Kit (6-4PP Quantification; Cell Biolabs, Inc) with the following changes: FBS for the first blocking step and 6-4M-2 antibody (Cosmo Bio) was used.
Luciferase Assay. The pGL3 luciferase vector (Promega) was subject to sitedirected mutagenesis to create TGA (R261X) using Bioinnovatise's Site-directed Mutagenesis Service (Bioinnovatise). For TAA, the QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used as per vendor's protocol and appropriate primers (forward, CGATCCCTTCAGGATTACTAAATTCAAAGTGCGTTGC; reverse, GCAACGCACTTTGAATTTAGTAATCCTGAAGGGATCG) to create TAA (K281X) in pGL3. Transfection of 70,000 fibroblasts with 1 μg plasmid was performed using AG Transgen Transfection Reagent and the vendor's protocol (American Gene Technologies International Inc.). Luciferase activity was measured after 48 h in cell lysates using Promega's Luciferase Assay System (Promega). Relative luciferase activity is expressed as percentage activity of Geneticin-treated plasmids compared with untreated plasmids.
